The paper presents the design of linear robust decentralised fixed-structure power system damping controllers using genetic algorithms (GA). The designed controllers follow a classical structure consisting of a gain, a wash-out stage and two lead-lag stages. To each controller is associated a set of three parameters representing the controller gain and the controller phase characteristics. The GA searches for an optimum solution over the parameter space. Controller robustness is taken into account as the design procedure considers a prespecified set of operating conditions to be either stabilised or improved in the sense of damping ratio enhancement. A truly decentralised control design is achieved as the loop control channels are closed simultaneously. The approach is used to design SVC and TCSC damping controllers to enhance the damping of the interarea modes in a three-area six-machine system. Local voltage and current measurements are used to synthesise remote feedback signals.
Introduction
The use of damping control capability on FACTS (flexible alternate currefnt transmission systems) devices to enhance the damping of electromechanical modes in power systems has recently been the subject of various papers [lPi] . References [I, 21 present satisfactory designs for power systems with a single damping controller. In [4, 51 multiple FACTS devices are designed by means of a sequential loop-closure design. In [6, 71 direct Systematic decentralised designs are presented and design results are obtained in power systems with multiple FACTS devices.
In this paper we propose an alternative systematic procedure for designing robust decentralised power system damping control;!ers using genetic algorithms [SI. Genetic algorithms aim at finding the global optimum solution by using directed random search in any kind 0 IEE, 1998 IEE Proceedings online no. 10981689 Paper first received 26th November 1996 and in revised form 22nd September 1997 The authors are with COPP13Federal University of Rio de Janeiro, Rio de Janeiro, RJ 21945-970, Brazil of system complexity. Mathematical properties such as differentiability, convexity, and linearity are of no concern for those algorithms. This is the biggest advantage of this searching method over traditional optimisation techniques.
Recently, GAS have been gaining attention in the power engineering community as we can perceive an increasing number of related work being published [9% 121. In [9, 101 different approaches using GA in power system control applications are also presented.
In this paper we present the design of linear robust decentralised fixed-structure power system damping controllers using a standard GA [SI. The method proposed in this paper considers a direct decentralised control design, where all the control channels are closed simultaneously. Robustness is achieved as the design procedure finds controllers able to stabilise a given set of operating conditions. A nonessential but desirable starting point for the procedure is the design of a controller (nominal controller) for a specific operating condition. The design method in this step can be any known decentralised method, e.g. the sequential design method used in [4, 51. We consider this step useful because it will provide important information for defining the searching parameter-space bounds.
The parameters that synthesise the nominal controller are used as one of the initial conditions for the GA, and the optimisation is performed in a space that includes those parameters. An important part of the control design is to use appropriate feedback signals. One additional constraint in the design is to use only signals that can be measured locally by the controllers. Based on the experience in [l, 2, 131, local voltage and current measurements are used to synthesise representative angles for the groups of coherent machines. Other feedback signals could also readily be used in the method.
The approach is applied in the design of a static VAR compensator (SVC) and a thyristor-controlled series compensator (TCSC) damping controller to enhance the damping of the interarea modes in the three-area six-machine system first presented in [5] . The robustness of the GA-designed controllers is validated in five operating conditions that represent considerably different scenarios including power flow reversal and line outages. 
, and omitting for simplicity the A symbol, the linearised model in eqn. 2 is represented by the well known state-space equations
where A is the power system state matrix, B is the input matrix, C is the output matrix and D is the feedforward matrix.
In frequency domain, the transfer function associated with eqn. 7 is given by where the poles of P(s) correspond to the eigenvalues of the A matrix. Based on either the eigenvalues of A in eqn. 7 or the poles of P(s) in eqn. 8 we can infer the dynamic stability of the equilibrium point (xo, wo, uo, Yo).
Problem formulation
Let P,(s), i = 1, 2, ..., m, in Fig. 1 represent the set Q of power system operating conditions and KAs) be a
diagonal transfer function matrix with p individual controllers.
Defining the error signal as e = (yref-y) E %p, where yref is the constant reference level for y, the decentralised control design requires a control law U = Kd(s)e E %p such that the closed-loop system is stable and has no eigenvalues with less damping than a minimum specified damping ratio Cm,, in all m operating conditions.
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Fig. 1 Closed-loop setup
For each of the p individual controllers we assume a classical control structure with the dynamic model consisting of a constant gain, a wash-out stage and a double lead-lag stage f o r i = 1 , 2 ,..., p .
From the viewpoint of a wash-out function, the precise value of the associated time constant T, is not critical. The main consideration is that it be small enough such that stabilising signals at the frequencies of interest will be relatively unaffected. For this reason, T, is considered to be a known parameter.
The set of the three parameters Kii, a,, and Ti forms the space to be searched by the GA. A brief description of a standard GA is given in the Appendix (Section 9.1).
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Design procedure
The design procedure starts by finding a nominal decentralised controller K&) for a selected operating condition Po(s) c Q where the p individual controllers in K&) have the structure given in eqn. 10. Commonly used design approaches like the sequential or decoupled control designs can readily accomplish this task. It is expected that the closed-loop system be stable and it is desirable that a performance requirement of a minimum damping ratio <, i n be achieved in all oscillatory modes. The parameters KO,, a,, To associated with Po(s) constitute one individual in the initial population to be evaluated. A key step in GA application is the definition of appropriate objective and fitness functions. The objective function F is defined to be the sum of the spectrum damping ratio for all operating conditions in Q. The constraint set comprises the parameter bounds plus the performance requirement for a minimum specified damping ratio. Therefore, the design problem can be formulated as the following optimisation problem: Ti,,, 5 T i 5 Ti,,,
where n is the system order and 6 is the closed-loop system eigenvalue damping ratio. The fitness function f , used by the GA is defined as
where p is a scalar > 0 specified just to discriminate the stable solutions with performance constraint not satisfied, first from the unstable solutions and secondly from the stable solutions with all constraints satisfied.
Therefore, /? must be specified such that 0 < /? < F
Design results
In this Section we summarise the application of the GA to the simultaneous design of an SVC and a TCSC damping controllers fas the test system shown in Fig. 2 and first presented in [SI.
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I Test system
All generators are modelled with six state variables [14] with identical parameters. All exciters (model ST3 in [15] ) are represented by two-state variables with identical parameters. The system is analysed under two nominal power flow conditions. In the first condition, denominated as the nominal direct-flow system (NDFS), machines 3 and 4 are exporting 640MW and machines 5 and 6 are exporting 610MW. Most of the exported active power is consumed by the load L,. In the second condition, the power flow on the TCSC path reverses due to a load L3 decrease, and a load Llo increase. Now machines 1 and 2 are exporting 710MW and machines 3 and 4 are exporting 650MW. The latter power flow condition is denominated as the nominal reversed-flow system (NRFS). In both nominal flow conditions the system presents approximately the same mode shapes. There are two low-frequency electromechanical interarea modes in the system. The first interarea mode (mode 1) consists of the machines of area B oscillating against the machines of areas A and C, and the second interarea mode (mode 2) consists of the machines of area A oscillating against the machines of area C. The other three electromechanical modes are local modes of machine oscillations within the areas. To motivate the design, we apply an SVC on bus 5 to enhance the damping of mode 1 and insert a TCSC in one of the tie lines between buses 13 and 14 to enhance the damping of mode 2.
For robust design, the controller must be able to provide additional damping to all credible system conditions. Besides the two nominal conditions NDFS and NRFS, we consider three weaker operating conditions as described in Table 1 . The weak 1 system represents a weaker tie in the SVC transmission path and the weak 2 system represents a weaker tie in the TCSC transmission path when the system is in the NDFS condition. The weak 3 system represents a weaker tie in the TCSC transmission path when the system is in the NRFS condition. The frequencies f (Hz) and the damping ratios c() of the interarea modes are also given in Table 1 .
The weak systems are unstable and require damping control actions to achieve stability. The objective is to design a TCSC and an SVC damping controller to enhance the damping of the interarea modes in all five operating conditions. In the design process, full-order 46-state system models were used.
Feedback signal selection
The best feedback signals to observe the interarea modes would be the synchronous-machine speed signals. However, these signals are, in general, remote from the sites most suitable for locating FACTS devices, such as the SVC and the TCSC. Instead, we considered feedback signals derived from local voltage and current measurements to synthesise the aggregate machine angles of the coherent areas as in [2, 51.
The difference between the feedback signals considered in this paper and the signals considered in [5] is that instead of using the SVC feedback signal 0, and the TCSC feedback signal OT, we measure their absolute values l0, l and led. This makes the feedback signals independent of the power flow direction. 
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Robust decentralised control
The following decentralised structure is imposed on the design: In eqn. 14 K1 (s) represents the SVC damping controller and K2(s) represents the TCSC damping controller. The test system presents two lightly-damped interarea modes to be enhanced by the actions of two actuators. The controllers are sited such that the SVC damping controller has more controllability over mode 1 and the TCSC damping controller has more controllability over mode 2.
In this particular problem we can minimise the parameters to be searched by fixing the following controller structure: To gain some insight into the parameter magnitude order, we performed a decoupled design in the NDFS operating condition, such that a minimum of 9% damping ratio for each interarea mode was achieved. By using classical control techniques such as Bode plot and root-locus analysis, we obtained the following nominal controllers: The parameters a, are easily defined owing to the phase-compensation limitation using the fixed structure of two lead-lag stages. Setting the limits at 0.1 < a, < 10 yields a minimum lag compensation of -109.8" and a maximum lead compensation of 109.8'. However, the controller gain bounds could theoretically be set to --w < KLi < +w. However, based on the designed controllers in eqns. 16 and 17 the bounds were set to -5 < K,, < 5. These narrower bounds greatly improves the GA performance. Note that by using the structure of eqn. 15 we have eliminated the need to search for the parameters T, in eqn. 10.
As was described in Section 4, the design objective is to find decentralised controllers (eqn. 14) that can stabilise the m = 5 operating conditions described in Table 1 with Cmjn = 9% for all eigenvalues.
The initial population consisted of the parameter set Table 2 shows the damping ratio of mode 1 and mode 2 for the five operating conditions when controlled by the nominal controllers of eqns. 16 and 17 and when controlled by the GA-designed controllers of ens. 18 and 19.
Note that although the nominal controllers satisfy the performance requirement in the operating condition (NDFS) for which they were designed, they do not satisfy the performance requirement in the operating conditions NRFS, weak 1 and weak 3. However, the GAdesigned controllers satisfy the performance requirement in all operating conditions. Fig. 4 shows the frequency response of the nominal controller in eqn. 16 and the GA-designed SVC controller in eqn. 18. 
Time simulation results
To evaluate the small-signal stability performance of the designed controllers we performed a time simulation on the test system using the nonlinear power system models in [16] . The system is in the weak 1 operating condition. At 0.1 s, a 0.01 p.u. active power load is added to bus 5 and a 0.01 p.u. active power load is removed from bus 6. After 0.005s, the loads are restored. For this load-switching disturbance, the nonlinear system effects are not significant. Fig. 6 shows the machine speeds using the nominal controllers in eqns. 16 and 17, and Fig. 7 shows the machine speeds using the GA-designed controllers in eqns. 18 and 19.
Conclusions
A new robust decentralised power system damping controller design method using a standard genetic algorithm was presented. The method was successfully applied to the decentralised design of an SVC and a TCSC damping controller in a system that had two lightly damped interarea modes. Using an appropriate set of synthesised aggregate machine angle signals., the decentralised controllers enhance the damping of the inter-area modes. High-performance computers can overcome the computational burden usually involved in GA applications., making the method presented in this paper an attractive control design method.
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